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Abstract 

This study reports on the use of a template that is made of silver nanoparticles (ANPs) that are dispersed on a 
patterned sapphire substrate (PSS) to improve the light output power of GaN-based light-emitting diodes (LEDs). 
The dipping of a sapphire substrate in hot H 2 S0 4 solution generates white reaction products that are identified as a 
mixture of polycrystalline aluminum sulfates. These white reaction products can act as a natural etching mask in the 
preparation of an ANP-coated PSS (PSS-ANP) template. The optimal annealing temperature and time, surface 
morphology, and optical characteristics of the PSS-ANP template were investigated. The light output power of an 
LED that is bonded to the PSS-ANP template is approximately double than that of an LED that is not. 
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Background 

Rapid advances on the many fronts in the field of GaN- 
based technology, including in the growth of materials, 
have promoted the commercialization of green and blue 
light- emitting diodes (LEDs) and laser diodes [1]. Sapphire 
has been the most extensively used substrate for GaN 
growth owing to its relatively low cost, chemical com- 
patibility, and stability at high temperatures. Despite con- 
siderable progress in the field of GaN-based technology, 
major obstacles to the realization of the full potential of 
these GaN-based materials are present. One of the 
greatest problems is the lack of a suitable substrate ma- 
terial on which lattice-matched GaN films can be grown. 
GaN heteroepitaxial films that are grown on sapphire 
substrate using various growth techniques have been 
studied widely [1-5]. 

The preparation of the surface of the substrate is a 
critical consideration in maximizing the quality of epi- 
taxial films. To increase the internal quantum efficiency 
and light extraction efficiency of GaN-based LEDs, they 
are fabricated on a patterned sapphire substrate (PSS) 
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[3-6]. Air gaps between GaN and the sapphire substrate 
can be formed by geometrically patterning the substrate 
to release the internal stress that is associated with the 
lattice mismatch that exists at the air gap, reducing the 
dislocation density and improving the quality of the film. 
Total internal reflection easily occurs in a traditional LED, 
so the reflection of light therein is difficult, and some light 
is even absorbed by the film in the LED structure. A pat- 
terned substrate can form a light-scattering area by geom- 
etry on the substrate and increase the probability of the 
light leaving the LEDs inside to improve the light power 
[7,8]. Patterned substrates can be formed by two categor- 
ies of methods - dry etching and wet etching [9]. Dry etch- 
ing is a method in which a gaseous chemical etching agent 
is used to perform non-isotropic etching, but it is likely to 
destroy the surface and form defects. Wet etching uses a 
chemical solution to etch the surface of a semiconductor iso- 
tropically; the etching rate is a function of the temperature 
and concentration of the solution. Such methods typically 
have a very high selectivity and etching rate. 

The etching process comprises two steps, which are 
[10] (1) the diffusion of the chemical etching solution to 
the surface of the material that is to be etched and (2) 
the reaction of the chemical etching solution with the 
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Figure 1 (a)-(c) preparation of PSS-ANP template and (d) cross- 
sectional view of complete structure. 



materials. Wet etching is divided into mask-associated 
etching and mask- free etching [10-12], Mask-associated 
etching utilizes a circular array of Si0 2 on the surface of 
a sapphire substrate as an etching barrier layer. The 
mask-free etching process uses the by-product of the re- 
action between the chemical etching solution and the 
etched material as the etching mask. However, the use of 
a patterning process without an additional photolitho- 
graphic step can reduce manufacturing cost. 

This study concerns a silver nanoparticle (ANP) -coated 
PSS template (PSS-ANP). The PSS-ANP is formed by 
sputtering a 250-nm-thick silver thin film on the PSS 
with heat treatment at 300°C. The PSS-ANP is a light 



reflector, which increases the light output power of the 
GaN-based LEDs. 

Methods 

Figure 1 presents the procedure for preparing a silver (Ag) 
nanoparticle-coated patterned sapphire substrate. Firstly, a 
chemical treatment for forming a reactant on a sapphire 
substrate is performed in a solution of sulfuric acid 
(H 2 S0 4 ) at a temperature between 100°C and 250°C for 5 
to 20 min. Next, the sapphire substrate is chemically 
etched in phosphoric acid (H 3 P0 4 ) at a temperature be- 
tween 100°C and 250°C for 5 to 20 min, using the reactant 
as an etching nanomask, to form a patterned sapphire 
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Figure 2 FESEM images of surface that had been etched at 
(a) 5, (b) 10, and (c) 20 min. 
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Figure 3 FESEM images of sapphire substrate following etching 
in phosphoric acid for various times. 



substrate. Third, a 200-nm-thick silver film is deposited by 
magnetron sputtering on the patterned sapphire substrate. 
Finally, annealing is performed to form PSS-ANP. 

Subsequently, the wafer bonding process was carried 
out. In this process, a GaN-based LED was directly 
mounted on the PSS-ANP. The LED wafer and the PSS- 
ANP were put together into a stainless bonding kit, which 
was then placed into a furnace at 500°C for 10 min. The 
GaN-based light-emitting diode comprised a 3-um-thick 
GaN/Si layer, five pairs of undoped InGaN/GaN multiple 
quantum wells, and a 0.5-um-thick layer of GaN/Mg 
sequentially on a (0001) -oriented patterned sapphire sub- 
strate with a GaN buffer layer that was grown by metal- 



organic chemical vapor deposition. Next, the surface of 
the p-type GaN layer was partially etched until the n-type 
GaN layer was exposed. A transparent conductive layer 
Ni/Au (50 nm:70 nm) film was formed on the p-type GaN 
layer. The Cr/Au (50 nm:2,000 nm) electrode was formed 
simultaneously on the Ni/Au film and the exposed n-type 
GaN layer on the front side of a wafer, respectively. Figure 1 
schematically depicts the procedure for preparing the PSS- 
ANP template and the cross-sectional view of the complete 
structure. The current-voltage (/-V) and optical character- 
istics of LED chip on the PSS-ANP were measured. 

Results and discussion 

The first stages of the etching process are observed using 
a field emission scanning electron microscope (FESEM). 
Figure 2 presents top views of the sapphire substrate sur- 
face that was treated in hot sulfuric acid solution for vari- 
ous etching times. White lumpy crystals formed on the 
surfaces on the sapphire substrates during 5 min of etch- 
ing (Figure 2a). The size of the lumpy crystals was ap- 
proximately 1 um. As the etching time increased, the size 
of the lumpy crystals increased, reaching around 10 um 
after 20 min of etching. As the etching time exceeded 20 
min (Figure 2c), the crystals became larger and their edges 
became less clearly defined, revealing the progressive dis- 
solution of the substrate surface. The white reaction prod- 
ucts of the sapphire substrate and the H 2 S0 4 solution are 
identified as a mixture of polycrystalline aluminum sul- 
fates, A1 2 (S0 4 ) 3 and A1 2 (S0 4 ) 3 T7H 2 0 [10]. These white 
reaction products can act as an etching mask in the subse- 
quent etching process. 

After they had been etched in sulfuric acid, the sap- 
phire substrates were placed in phosphoric acid at high 
temperature to remove the reaction products (a mixture 
of polycrystalline aluminum sulfates, A1 2 (S0 4 ) 3 and Al 2 
(S0 4 ) 3 -17H 2 0). As etching proceeded, the reaction 
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Figure 4 Cross-sectional FESEM image of PSS-ANP template 
with annealing at 500°C and etched for 5 min. 
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products of size approximately 10 \im were used as a na- 
tive etching mask. Figure 3 displays FESEM images of 
the sapphire substrates from which the reaction prod- 
ucts on their surfaces had been cleared away to reveal 
terrace-like geometric patterns. As the etching time in- 
creased, the etching depth increased. At an etching time 
of 5 min, as shown in Figure 3a, the surface of the sap- 
phire substrate began to exhibit the terrace-like pattern 
on, and the etching speed varied with the crystal plane. 
The etching rates of the planes of the sapphire crystal- 
line material followed the order C-plane > R-plane > M- 



plane > A-plane [13]. When the sapphire was placed in 
hot sulfuric acid, the C-plane was the first to be etched. 
When the etching time exceeded 10 min, the terrace- 
like pattern began to appear (Figure 3b). It was formed 
as a combination of three R-planes. When the etching 
time exceeded 15 or 20 min (Figure 3c), the R-plane 
started to be etched, and the original terrace-like geo- 
metric patterns were destroyed. 

Figure 4 presents the cross-sectional FESEM image of 
the PSS-ANP template that had been annealed at 500°C 
for 5 min of etching. The silver nanoparticles were 
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Figure 5 Reflectivity of (a) etched sapphire substrate and (b) PSS-ANP that had been annealed for various times. 
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Figure 6 Light output power as a function of injection current of GaN LEDs with and without PSS-ANP template. 



dispersed on the patterned surface of the PSS, forming 
the PSS-ANP template. The mean particle size was ap- 
proximately 400 nm. The PSS-ANP template in the 
GaN-based LED structure scattered and reflected the 
back-emitted light from the active layer of the LED. 

Figure 5a plots the reflectivity of the polished sapphire 
substrate that had been etched for various etching times. 
The reflectivity of the unannealed substrate (a polished 
surface) was high, and it declined as the etching time in- 
creased. The integrated total reflectance from the sapphire 



substrate that was etched using phosphoric acid solution 
for 20 min was lower than approximately 5% for visible 
and near-infrared wavelengths. As presented in Figure 5a, 
the reflectance decreased as the etching time increased. 
The mean reflection rates in the range of 400 to 700 nm 
for the samples that had been etched for 5 and 20 min 
were 45% and 5%, respectively. As the etching time in- 
creased, the R-plane was destroyed. Figure 5b presents the 
reflectivity of PSS-ANP templates that had been annealed 
for various annealing times. The reflectivity of the PSS- 
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ANP template that was annealed for 5 min was approxi- 
mately 99.5%, which exceeded that of the PSS. This fact 
may have contributed to the scattering and reflection from 
the surface topography of the PSS -ANP. 

Figure 6 plots the light output power as a function of 
the injection current for the GaN-based LEDs with and 
without the PSS -ANP template. The light output power 
of all of the samples initially increased linearly with the 
injection current. At an injection current of 20 mA, the 
light output power for the GaN LEDs without the PSS- 
ANP template was 8.24 mW. All LEDs with the PSS- 
ANP template had doubled the light intensity of the 
LED without the PSS -ANP template at a low injection 
current between 10 and 40 mA. However, the output in- 
tensity of LEDs with the PSS -ANP template that had 
been etched for 5 and 10 min was reduced as the injec- 
tion current increased above 50 mA. At a high injection 
current, such as 100 mA, the PSS -ANP template that 
had been etched for 20 min doubled the light extraction. 
This improvement in the light output power of the LED 
with the PSS-ANP template that had been etched for 20 
min is caused by the thermal conductive effect of the 
void in the template structure. Figure 7 plots the typical 
logarithmic I-V characteristics of the GaN LEDs with 
and without the PSS-ANP template. The inset plots the 
I-V characteristics in a linear scale. An injection current 
of 20 mA in the LEDs with and without the PSS-ANP 
template yielded forward biases of 3.7 and 3.75 V, re- 
spectively. The saturation current of both LEDs was ap- 
proximately 10~ 10 A. Both LEDs had the same electrical 
characteristics. Accordingly, the PSS-ANP template did 
not influence the electrical characteristics of the GaN- 
based LED because the active area of the GaN-based 
LED with the PSS-ANP template was separate from the 
optical reflective area. Therefore, combining the conven- 
tional GaN-based LED with the PSS-ANP template is an 
excellent means of improving the light output power of 
a GaN-based LED on a sapphire substrate. 

Conclusion 

In summary, this study reports on the construction of a 
template by dispersing ANPs on a PSS to improve the 
light output power of GaN-based LEDs. The sapphire 
substrate was etched in hot H 2 S0 4 solution to produce a 
mixture of polycrystalline aluminum sulfates. A mixture 
of polycrystalline aluminum sulfates was used as a nat- 
ural etching mask to prepare the PSS-ANP template. 
The PSS-ANP template in the GaN-based LED structure 
scattered and reflected the back-emitted light from the 
active layer of the LED. The reflectivity of the PSS-ANP 
template that was etched in phosphoric acid for 20 min 
and annealed for 5 min was approximately 99.5%. The 
light output power of the LED that was bonded to the 



PSS-ANP template was approximately double than that 
of the LED that was not. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

LCC wrote the paper, designed the experiments, and analyzed the data. WFT 
prepared the samples and did all the measurements. Both authors read and 
approved the final manuscript. 

Acknowledgements 

Financial support of this paper was provided by the National Science Council 
of the Republic of China under contract no. NSC 101 -2221 -E-027-054. 

Received: 24 February 2013 Accepted: 24 March 2013 
Published: 8 April 2013 

References 

1. Nakamura S, Fasol G: The Blue Loser Diode. 1st edition. Heidelberg: Springer; 
1997. 

2. Usikov A, Shapovalov L, Ivantsov V, Kovalenkov 0, Syrkin A, Spiberg P, 
Brown R: GaN layer growth by HVPE on m-plane sapphire substrates. 
Phys Status Solidi C 2009, 6:S321-S324. 

3. Guo X, Schubert EF: Current crowding in GaN/lnGaN light emitting 
diodes on insulating substrates. J Appi Phys 2001, 90:8. 

4. Tadatomo K, Okagawa H, Ohuchi Y, Tsunekawa T, Imada Y, Kato M, Taguchi 
T: High output power InGaN ultraviolet light-emitting diodes fabricated 
on patterned substrates using metalorganic vapor phase epitaxy. Jpn J 
Appi Phys 2001, 40:L583. 

5. Wang WK, Wuu DS, Lin SH, Huang SY, Wen KS, Homg RH: Growth and 
characterization of InGaN-based light-emitting diodes on patterned 
sapphire substrates. J Phys Chem Solids 2008, 69:714-718. 

6. Chen LC, Wang CK, Huang JB, Hong LS: A nanoporous AIN layer patterned 
by anodic aluminum oxide and its application as a buffer layer in a GaN- 
based light-emitting diode. Nanotechnology 2009, 20:085303. 

7. Sum CC, Lin CY, Lee TX, Yang TH: Enhancement of light extraction of 
GaN-based LED with introducing micro-structure array. Optical 
Engineering 2004, 43:1700-1701. 

8. Nakamure S, Mukai T, Senoh M: Candela-class high-brightness InGaN/ 
AIGaN double-heterostructure blue-light-emitting diodes. Applied Physics 
Letters 1994, 64:1687. 

9. Xiao H: Introduction to Semiconductor Manufacturing Technology. Prentice 
Hall: Upper Saddle River; 2001. 

10. Dwikusuma F, Saulys D, Kuech TF: Study on sapphire surface preparation 
for Ill-nitride heteroepitaxial growth by chemical treatments. 

J Electrochem Soc 2002, 149:G603. 

11. Gao HY, Yan FW, Li JM, Zeng YP, Wang GH: Fabrication of nano-patterned 
sapphire substrates and their application to the improvement of the 
performance of GaN-based LEDs. J Phys D: Appi Phys 2008, 41:1 15106. 

12. Cuong TV, Cheong HS, Kim HG, Kim HY, Hong CH: Enhanced light output 
from aligned micropit InGaN-based light emitting diodes using wet-etch 
sapphire patterning. Appi Phys Lett 2007, 90:131 107. 

13. Kima DW, Jeonga CH, Kima KN, Leea HY, Kima HS, Sungb YJ, Yeoma GY: 
High rate sapphire (Al 2 0 3 ) etching in inductively coupled plasmas using 
axial external magnetic field. Thin Solid Films 2003, 435:242-246. 



doi:1 0.1 1 86/1 556-276X-8-1 57 

Cite this article as: Chen and Tsai: Properties of GaN-based light- 
emitting diodes on patterned sapphire substrate coated with silver 
nanoparticles prepared by mask-free chemical etching. Nanoscale 
Research Letters 2013 8:157. 



